The generation of an extreme water state ͑130 GPa, 5000 K, and 3.4 g / cm 3 ͒ which is characterized as dense plasma at the axis of a converging shock wave is reported. A 4 kJ pulse generator was used to explode a 40 Cu-wire array, generating a cylindrical shock wave. The measured shock wave trajectory and energy deposited into the water flow were used in hydrodynamic simulations coupled with the equation of state to determine the water parameters. The temperature estimated using the emission data of water in the vicinity of the implosion axis agrees with the simulation results, indicating shock wave symmetry in such extreme conditions. © 2010 American Institute of Physics. ͓doi:10.1063/1.3446832͔
Intense research studies of high energy density physics have been done related to inertial confinement fusion, radiative shock physics and planetary science, and particularly to studies of water parameters in extreme conditions. 1, 2 In the last case, molecular dynamics ͑MD͒ modeling allows one to study the water structure and to test the equation of states ͑EOS͒.
2, 3 The experimental research of water in extreme conditions requires its compression, which is achieved using shock waves ͑SW͒. The latter can be generated using explosives, light-gas guns, 4 powerful lasers, 5 and pulse generators with a stored energyϾ 10 5 J. 6 This water research has covered a range of values of pressure P Յ 800 GPa, temperature T Յ 70 000 K, and density Յ 4 g/ cm 3 . 2, 5 In experiments, mainly electrical probes and velocity interferometer system for any reflector ͑VISAR͒ 4 diagnostics were used to characterize the water parameters. The increase in the water conductivity that was obtained with an increase in P and T was explained by ionic conductivity due to water molecular ionization. 1 In recent research 2,3 that used advanced MD modeling and VISAR interferometry, the water conductivity at P Ͼ 100 GPa and T Ͼ 4000 K was explained by free electrons appearing due to the decrease in the energy band gap and to the smearing of the Fermi distribution.
In this letter, we report the results of spectroscopic measurements of compressed water temperature. The water compression was produced by a converging cylindrical SW generated during an underwater wire-array electrical explosion, using a generator of only ϳ4 kJ stored energy.
The generator and the wire array used in this research are similar to those described in Ref. 7 . A wire array with a diameter of 10 mm and length of 40 mm was made of 40 Cu-wires, each being 100 m in diameter. Such an array allows one to obtain an aperiodic discharge with ϳ70% of the stored energy being transferred to the wires during ϳ400 ns ͓see Fig. 1͑a͔͒ .
In Ref. 8 , it was reported that a wire-array electrical explosion results in the generation of individual SWs that overlap each other forming an azimuthally symmetrical converging SW. Also, it was shown that the energy delivered to the generated water flow is ϳ15% of the stored generator energy. 9 The SW velocity determined using time of flight ͑TOF͒ shadow images of the SW with the known energy deposited into the water flow and the EOS for water were used in hydrodynamic ͑HD͒ simulations of the water parameters behind the SW front. 7 In the present experiments, the SW front shadow images were obtained for radii r Ն 0.08 mm using a multiexposure 4Quik05A fast framing camera and backlighting by a cw 532 nm, 90 mW laser. At r Յ 0.08 mm, an SW shadow image was not obtained because of a decrease in the shadow image contrast. 7 Thus, at r Յ 0.08 mm the water temperature was studied by analysis of the water emission using a Chromex 250 mm spectrometer and a 4Quik05A camera with frame duration of 50 ns at its output. A smaller frame duration was not used because of the Ϯ50 ns time jitter of the emission pulse's appearance with respect to the beginning of the discharge current. In the same experiments, the emission from this water region was also recorded using photomultiplier tubes ͑PMTs͒ with interference filters ͑ = 410Ϯ 1.5 nm and = 532Ϯ 1.5 nm͒ at their entrance ͑see Fig. 2͒ . This optical setup allows the radiation emitted from the water region to be detected when r Յ 1 mm. The spectrometer and PMTs were calibrated in situ using a calibrated Oriel QTH200 lamp.
The TOF data points ͓see Fig. 1͑b͔͒ were used to obtain the best fit with the SW trajectory simulated by one-dimensional ͑1D͒ HD calculations, 10 with ϳ7.5% ͑ϳ300 J͒ of the energy transferred to the converging water flow. The TOF data point on the time axis for r Ϸ 0 was a͒ Electronic mail: fnkrasik@physics.technion.ac.il. obtained using PMTs data showing intense light emission with duration Յ10 ns and supposing that this emission appears when the SW reaches r Ϸ 0. The velocity of the array expansion ͑piston͒ with duration of ϳ400 ns, defined as the time during which Ն70% of the energy is deposited into the array, was modeled as
Here V m is the maximal velocity determined by the energy deposited into the water flow and the SW trajectory through the points obtained by the SW shadow images. The HD simulations were coupled with the SESAME ͑Ref. 11͒ EOS database for water. When matching the TOF data and the simulated SW trajectory, the simulation results can be used to determine the water parameters at r Յ 3 mm where the SWs generated by the exploding Cu wires overlap each other forming one cylindrical SW. 8 The most interesting of the simulation results are those for r Յ 5 m; namely, the simulations showed two peaks in the values of T and P ͑see Fig. 3͒ and the SW velocity reached ϳ1.5ϫ 10 6 cm/ s. The first peak of ϳ2 ns duration is characterized by T max Ϸ 4200 K, P max Ϸ 130 GPa, max Ϸ 25 MJ/ kg, and max Ϸ 3.4 g / cm 3 . The second peak, delayed by ϳ3 s, is characterized by a ϳ2 ns pulse with T ϳ 6600 K followed by a microsecond time-scale pulse with T ϳ 3000 K. The first peak is caused by the reflection of the SW from the implosion axis resulting in a spiky increase in T, P, , and . The second increase in T and P appears due to the SW reflected from the axis, propagating toward the exploded array, and reflected back from it toward the axis which in turn leads to secondary compression and heating of the "water" at the axis. The values of T and P at the axis were found to be slightly dependent on the Lagrangian net grid size used in the numerical simulations. Namely, the maximal values of T and P increase by 5% and 2%, respectively, for a grid size change from 5 to 2.5 m.
Thus, these simulations showed that a converging SW produced by an underwater electrical explosion of a cylindrical wire array can be used to generate an extreme state of water. However, at r Ͻ 5 m, where a drastic increase in T, P, and was obtained in the simulations, the stability of the SW front is questionable. Therefore, the measurements of the water parameters, for instance, temperature, in the vicinity of the implosion axis become crucial for justifying the numerical results. In the present experiments, the temperature in the vicinity of the implosion axis was estimated using the data of the water emission. Altogether ϳ20 successful experiments were carried out. Before each experiment, careful in situ calibration of the optical setup was performed.
Typical waveforms of two emission pulses of water recorded by the PMTs at 410Ϯ 1.5 and 532Ϯ 1.5 nm are shown in Fig. 4 . The duration of the first pulse is ϳ10 ns and of the precursor ϳ20 ns, manifesting the SW's radiative nature. According to the SW TOF measurements, the appearance of the first pulse coincides with the SW propagation of the last few tens of micrometer in the vicinity of the implosion axis.
The second pulse, delayed by ϳ3 s, has duration of ϳ1.5 s. In general, these data agree fairly well with the simulation results ͑see Fig. 3͒ . The absence of the 2 ns peak in front of the second pulse that was predicted by the simulations can be explained by the reflected SW front asymmetry not accounted for in the 1D simulation. In the same experiments, spectra ͑410-680 nm͒ for the first and second emission pulses showed continuum radiation.
To determine the water temperature using spectroscopic data we assumed black body ͑BB͒ radiation. The measured fluxes of photons with several electron volt energy and the continuum spectra indicate that this radiation is caused by free-free and free-bound electron transitions requiring free electrons. The data, presented in Ref. 5 , showed that the SW velocity of ϳ1.5ϫ 10 6 cm/ s leads to an SW reflectance of ϳ14%, which requires a density of free electrons n e Ն 10 21 cm −3 . Also, the MD modeling 3, 5 showed that for P ϳ 130 GPa the energy band gap is Ͻ1 eV causing Fermi distribution smearing at T Ͼ 4000 K and allowing one to consider the water state as a dense opaque plasma. The assumption of BB radiation was checked by estimating the generated plasma density n i using the Saha equilibrium and Inglis-Teller equations. The value of n i should be Ͼ10 19 cm −3 , resulting in the plasma being opaque for the visible spectrum where I ‫ء‬ = 13.6͑1−1/ n ‫2ء‬ ͒ and n ‫ء‬ are the effective ionization potential and number of the highest nonvanishing excited state, respectively, n a Ϸ 2 ϫ 10 23 cm −3 is the density of hydrogen atoms at water density Ϸ 3.4 g / cm 3 , and g i and g a are the statistical weights of the hydrogen atom and the ion, respectively. If one considers only the hydrogen atoms in the water, then the solution of Eq. ͑1͒ for T = 4500 K results in n i Ϸ 8 ϫ 10 20 cm −3 , sufficient to consider BB radiation. Accounting for the oxygen atoms gives a value of n i larger by a factor of ϳ ͱ 3 / 2.
Thus, considering BB emission of photon fluxes by the dense opaque plasma, the ratio between the maximal intensities at = 410 nm and = 532 nm of the first pulse yields a water temperature T Ϸ 4400Ϯ 500 K. The fitting between the recorded and Planck spectra showed T = 4800Ϯ 800 K, which agrees well with the PMTs data and the value of T obtained from HD modeling. The same analysis of the intensity ratio and spectra obtained during the second pulse yields T ϳ 3600Ϯ 400 K, which also agrees satisfactorily with the HD simulation results. The deviations in the values of T calculated by these two methods were obtained from the shots statistics and in the case of similar discharge current waveforms they do not exceed ՅϮ5% ͑see Fig. 5͒ .
To summarize, it was shown that the application of a cylindrical SW generated by an underwater wire-array electrical explosion can be used to generate extreme conditions of water. The results of an underwater wire-array electrical explosion and HD simulations coupled with the EOS for water showed that in the vicinity ͑at r Յ 5 m͒ of the implosion axis the water can be characterized as a dense nonideal plasma with n e Ն 10 21 cm −3 , T ϳ 4500 K, P ϳ 130 GPa, and ϳ 3.4 g / cm 3 and that the converging SW keeps its symmetry at these extreme parameters. Thus, one can consider applying this method in the research of water, as well as of other targets placed at the axis of implosion, at several hundred of gigapascal using a generator with a stored energy of only tens of kilojoule. 
